Abstract: Quantum chemical studies using the accurate CASPT2//CASSCF procedure show that π-stacked interactions in biochromophores such as pyrimidine (Pyr) DNA/RNA nucleobases pairs yield excimer-like situations which behave as precursors of processes like charge transfer (CT) or photoreactivity and are the source of the emissive properties in DNA. Examples are the CT between adjacent DNA nucleobases in a strand of oligonucleotides and the photodimerization taking place in cytosine (C) pairs leading to cyclobutanecytosine (CBC) mutants. These processes take place through nonadiabatic photochemical mechanisms whose evolution is determined by the presence and accessibility of conical intersections (CIs) and other surface crossings between different electronic states.
INTRODUCTION
It is by now clearly established that π-stacked interactions between piled DNA and RNA nucleobases play a basic role in the stability, dynamics, and reactivity of the genetic material [1] . We have recently reported [2] that such types of conformations are favorable sources for the formation of excimers or exci plexes, that is, molecules which are homo-or heterodimers, respectively, associated in an excited electronic state and dissociative in the ground state [3] . The existence of excimers/exciplexes (excimer will be used as a general term hereafter) is common in different fields, including biochemistry and photo biology [1, [3] [4] [5] . In particular, we have recently studied the binding energies in different states of the neutral and ionic cytosine (C) homodimer, and the existence of a bound excited state was proved by means of quantum chemical calculations in various relative conformations of the homodimer [6] . Binding and interaction change dramatically with the relative orientation of the two stacked C molecules. For instance, at the B-DNA-like type of orientations the binding energy for the low-lying excited singlet state, S 1 , is just 0.11 eV, a value that increases to 0.58 eV in the so-called 1 (LE) conformation, a sandwich-like structure obtained by symmetrically approaching the molecules along the intermonomer distance, R, and to 1.10 eV in the conformation we coined (C*C) exc , the most stable structure for the excimer obtained by geometry optimization [6] . The stabilization is favored in the two latter orientations because of the maximum overlap obtained between the π-clouds in the homodimer. As will be shown below, the presence of so low-lying conformation in the excited state will have important consequences in the photo induced reactivity of the nucleobases.
Before going deeper into the consequences of the excimer formation in DNA environments, and how they behave as precursors in the formation of DNA-base photoproducts [6, 7] , participating in the charge-transfer (CT) processes in DNA, we shall firstly establish their existence as an intrinsic property of all nucleobases, something that will be illustrated here for the homodimers of C, uracil (U), and thymine (T). Later, the importance of excimers in the rationalization of DNA emission properties and dynamics, in the formation of cyclobutane pyrimidine (Pyr) dimers, often leading to mutations, and in the CT process taking place along the DNA strands shall be discussed.
METHODOLOGY
Our methodology involves the multiconfigurational CASSCF and CASPT2 quantum chemical methods and highly accurate ANO-S-type one-electron basis sets contracted to C,N,O [3s2p1d]/H [2s1p], a strategy which has proved its accuracy [8] [9] [10] [11] . An active space of 12 electrons in 12 orbitals was employed in the description of the CASPT2 potential energy curves (PECs) for the ground and low-lying singlet excited states of the different homodimers along the intermolecular distance between the two π-stacked systems using a C s ground-state geometrical arrangement and C 1 symmetry to obtain the wavefunction. The inclusion of the basis set superposition error (BSSE) correction, estimated by the counterpoise correction [2] , was required to get the proper description of the system. Geometry optimizations, minimum energy paths (MEPs), and determination of hypersurface crossings in the dimers were carried out initially at the CASSCF level using 16 electrons distributed among 14 molecular orbitals (MOs), that is, all the π-system except for the all-in-phase deep π-orbital localized on each monomer, which was treated as inactive. No symmetry constraints were imposed on the wavefunction. Additional computational details can be found elsewhere [2, 6, 7, 12] . All calculations employed the MOLCAS 6.0 program quantum chemistry package [13, 14] .
RESULTS AND DISCUSSION

Excimer formation in -stacked Pyr nucleobases
Our initial goal is to prove that all three Pyr nucleobases-C, T, and U-yield excimers when stacked through their π-structure. Figures 1 and 2 display the CASPT2 PECs for the ground and low-lying and triplet singlet excited states of the U homodimer along the intermolecular distance between the two π-stacked systems. A face-to-face sandwich-type arrangement has been selected because, taking into account the maximum overlap between the π-clouds, it represents the most favorable conformation to yield an excimer, which, on the other hand, is also present in other structures, for instance, the B-DNA form. As noted in Fig. 1 , the lack of BSSE causes an overestimation of the states binding energies, a situation that is corrected in Fig. 2 . Whereas the ground state is dissociative, the lowest singlet excited state becomes clearly bound (0.48 eV) at the corrected BSSE-CASPT2(12,12) level, with a S 1 minimum placed at R(C 5 -C 5' ) = 2.910 Å. In the PECs, we have chosen to monitor the intermolecular distance R(C 5 -C 5' ), which is particularly relevant in the formation of cyclobutane photodimers. In the figures, energies are referred to two ground-state separated U molecules. In the asymptotic limit, S 1 and S 2 become degenerate. They are related to the equivalent situations U + U* and U* + U, where U and U* represent the ground-state U and its lowest singlet excited state, respectively.
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Similar behavior has been found for all three Pyr nucleobases. The binding energies (BSSE corrected) are compiled in Table 1 .
The homodimers of the three natural Pyr nucleobases display similar behavior with respect to their binding properties, although the formation of excimers in T is hampered by the steric problems consequence of the presence of the methyl group. In particular (see Table 1 ) for the comparable profile as C and U, the binding energy for the T homodimer lowers to 0.36 eV and the corresponding mini- mum takes place at a larger distance, 3.703 Å. In any case, the important conclusion obtained is that all three homodimers give rise to excimers, and, as mentioned above, the interaction occurs at many other relative orientations of the two nucleobases. Considering, therefore, the inherent flexibility of the DNA strand, there will be a large number of relative orientations in which the formation of excimers will be highly favored, even increasing the binding energy, as it was found for C (1.10 eV) upon optimization of the geometry for the S 1 state of the dimer [6] . Table 1 BSSE-corrected and -uncorrected binding energies (E b ), intermonomer distance (R min ), and VE for the face-to-face π-stacked homodimers of C, T, and U.
Homodimer Red-shifted emission in DNA: Excimer radiative deactivation
Eisinger et al. [15] determined that in chains of oligonucleotides a source of emission was found at energies red-shifted from the weak features of the monomers, which were reported around 4.0 eV in water [16] . More detailed studies followed. For instance, the fluorescence maximum observed in aqueous solution for the dimer d(C) 2 and the 15-mer d(C) 15 (λ max = 385 nm; 3.22 eV) [17] is considerably redshifted as compared to that of the monomer (λ max = 313 nm; 3.96 eV) [18] . Nowadays, the available experimental data for the fluorescence band maxima in dinucleotides, polynucleotides, and DNA range 3.2-3.4 eV [17] . It is, therefore, clear that π-stacked nucleobases give rise to a new source of fluorescence related to the association of the monomers. Our description of excimers in the homodimers of the Pyr nucleobases at different orientations of the moieties and the CASPT2 computed vertical emissions (VEs) supports the excimer origin of the red-shifted fluorescence observed in Pyr oligonucleotides [15, 17] , whereas preliminary studies indicate that excimers are also present for purine nucleobase dimers. Our best estimates have differences near 0.2 eV with respect to the recorded emission maxima, however, it is worth recalling that the computed vertical transition does not have experimental counterpart, and for a truly correct comparison with experiment, vibrational resolution of the band should be computed in order to determine the band maximum.
The evidence of the excimer origin of the emissive properties of DNA highlights the importance of π-stacking and excimer formation in the modulation of DNA relaxation dynamics, which will combine emission with nonradiative decays through accessible CIs connecting the ground and low-lying singlet excited state-such as those found for the monomers at 3.6 (C), 3.9 (T), 4.0 (U), 4.0 (adenine, A), and 4.3 eV (guanine, G) [7, 11, [19] [20] [21] -favoring hole and electron transfer along the strand, and formation of lesions as covalently bound Pyr dimers [1, 6] .
Charge transport along the DNA strand: Micro-hopping mechanism Nucleobase cations and anions can be formed via direct ionization of the DNA strand as primary radical product, by means of the exposure of living matter to ionizing radiation and, also indirectly, as secondary radical products of the nucleobase interaction with reactive species present in DNA and its vicinity, that is, endogenous compounds that have been originated from irradiation of other DNA components or water: sugar and phosphate radicals, ؒ OH, the hydrated electron, H ؒ , and H 3 O + [22, 23] . The energy required for the formation of charged nucleobases, related to the corresponding ionization potential (IP) and electron affinity (EA), has been evaluated both experimentally and theoretically. Once I. GONZÁLEZ-RAMÍREZ et al.
the charged DNA bases are formed, the produced hole or electron can migrate up to long distances through the π-stacked structure of the double helix [24, 25] . This phenomenon is known in general as charge transport or transfer (CT), and it is usually denoted hole transfer (HT) and excess electron transfer (EET) when it takes place under oxidative and reductive stress, respectively. Because of its biological implications and its technological and medical applications, CT in DNA has been during the last decades an area of increasing interest [26] [27] [28] [29] .
Whereas it is currently established by using different spectroscopic, biochemical, electrochemical, and photophysical studies that DNA provides a favorable medium for CT [30] [31] [32] [33] , the detailed mechanism on how it takes place is not yet known. The available models have been particularly focused on HT and, among the different hypotheses suggested, three main mechanisms have been put forward: (1) coherent single-step tunneling process between the initial and final charged nucleobases [34] [35] [36] (2) random-walk multistep hopping process between the initial and final sites mediated by G [37] [38] [39] and, in special cases, by A [40] , (3) and polaron-like hopping process [41] [42] [43] [44] . We have recently applied the highest available levels of theory to produce accurate theoretical (in vacuo) values for IPs and EAs [45, 46] , and our goal here is to summarize our preliminary efforts to establish a comprehensive model to rationalize at molecular level the CT process. Focusing on the HT type of mechanism, and in order to get further insight into the mechanism of CT, we have analyzed at the CASPT2 level the lowest doublet states of different oxidized nucleobase homo-and heterodimers in different orientations, from the highly overlapped π-stacked face-to-face arrangement (see Figs. 1 and 2 ) to the B-DNA form (see Figs. 3 and 4) and their evolution upon different displacements [47] [48] [49] . As an illustration we show here the case of the cationic A-C heterodimer (C 3' A 5' + ) in the B-DNA form [12] along the rise coordinate, that is, the displacement along the DNA helix axis [48] . By inspection of the PECs for the C 3' A 5' + heterodimer, it is evident that an oxidized C is strongly stabilized by the presence of A. As it can be seen in Fig. 3 , in the heterodimer analyzed here, (C 3' A 5' + ), the cationic C and A are bound by the adjacent neutral nucleobase with decreases in their IPs of 0.56 eV at rise = 3.00 Å and 0.30 eV at rise = 3.36 Å, respectively. Since the Pyr nucleobase is more stabilized than the purine one and such stabilization is higher than the difference between the IPs of the isolated nucleic bases, the two low-lying states of the system, C 3' + A 5' and C 3' A 5' + , which are characterized by the location of the hole in the C or A, respectively, cross-over in a point that takes place at intermolecular distances around 5.5-6.0 Å and corresponds to the conical intersection (CI) that mediates the HT between both nucleobases, (C 3' A 5' ) + CI . This result implies that the order of the IPs of C and A is inverted when these nucleic bases appear in adjacent positions of a DNA chain, and therefore the electron is removed from the Pyr nucleobase when the A-C heterodimer is oxidized. The remaining hole of the oxidation can be filled again by the promotion of one electron from the A partner by means of a thermally activated increase of the intermolecular distance between both nucleobases through the (C 3' A 5' ) + CI . This behavior is illustrated by the composition of the singly occupied MOs displayed in Fig. 4 . Similar conclusions can be obtained by studying other nucleobase dimers upon other displacements, isolated or within the oligomer strand and under different environmental conditions, something which is currently under analysis by using QM/MM procedures. In all cases, the cornerstone of the mechanism is the presence of PEC CI crossings enabling ultrafast hole (or electron) transfer to take place. It is also true that the degree of transfer between the two states will be modulated by the strength of the electronic coupling between them, which is, together with the energy degeneration, the main condition for efficient charge or energy transfer. Comparison between the strength of the energy coupling between the different nucleobase dimers will be the goal of future research.
As a conclusion, the formation of stable excimer-like structures, revealed to be an intrinsic property of stacked nucleobases, also provides the framework to assemble the process of charge migration within the same basic unique scheme or unified theory. In this context, we propose a micro-hopping mechanism for CT along a single strand of nucleobase molecules formulated as a sequence of steps. Starting from an arrangement of π-stacked monomers at typical intermolecular distances of 3.1-3.4 Å, and considering the inherent flexibility of the DNA helix, in each step the two adjacent nucleobases may change their relative orientations by, for instance, increasing and decreasing their rise or twisting distance, by means of a thermally activated process, leading the system to reach accessible CIs between the lowest doublet states of the system and to transfer the excess electron (or hole charge) between the two molecules in an ultrafast manner. Therefore, charge migrates from an initial charged nucleobase to the adjacent moiety in one step and between the initial and final charged DNA-sites in a sequence of such steps, thus making possible the CT process along the strand. That the process is more or less favorable will be surely related to the intrinsic properties of the nucleotide. It is therefore understandable that G sites, displaying the highest IPs, behave as hole charge trapping locations where the CT process is hindered, because they need a strongly distorted interacting conformation in order to cross with another state and transfer the hole to the neighbor moiety. Further research has to be performed in order to fully validate this hypothesis, extending the study to all combination of nucleobases and environments and considering the role of the Watson-Crick nucleobase pairs.
Photoreactivity in DNA: Formation of mutated Pyr dimers
One of the main motivations for studying the excited states of nucleic acids relies on the observation that UV illumination causes lesions and mutations due to photochemical modifications, the most common involving cycloaddition reactions of Pyrs T and C. Although the production of T-T cyclobutane dimers is most frequent, those involving C lead to mutation. T dimerization has recently been determined [50] to be an ultrafast reaction along the singlet manifold, whereas time-resolved studies of T dimer formation [51] show that direct excitation of (dT) 20 leads to cyclobutane T dimers (T <> T) in less that 200 ns with a remarkably absence of any triplet absorption from the transient spectra of the oligonucleotide. These evidences are in contrast to previous suggestions about the role of triplet states in DNA chemistry, in particular on the formation of Pyr complexes, Pyr <> Pyr [52] , and are also at odds with the well-known dimerization at the bipyrimidine sites under triplet photosensitization conditions [53] . Effective population of the triplet manifold is feasible, and it has been documented in detail for C [54] , U [55] , and T [56] along the ultrafast internal conversion channel. It is therefore not surprising that in addition to the presence of singlet excimer states which will behave as precursors of the photodimerization process, we have found corresponding triplet excimer states. For instance, in the C homodimer, the binding energy for the lowest triplet state computed at the CASPT2 level (plus BSSE) is 0.22 eV, with a predicted VE (phosphorescence) of 3.23 eV and a 0-0 triplet-singlet transition of 3.44 eV. Consequently, it is concluded that the triplet excimer is also bound, although the binding energy is reduced about 60 % with respect to singlet excimer. The possibility of excimer formation arises from the Watson-Crick structure in which hydrogen-bonded pairs A-T and G-C are situated inside a double helix, the backbone formed by two sugar-phosphate chains. One turn of the helix involves 10 base pairs and is 34 Å high. Thus, the interplanar distance between neighboring base pairs is about 3.4 Å, a value that is often found in excimer-type organic crystals [3] .
Because of the increased stability of the lowest excited state, geometries around the face-to-face sandwich-type structure can be considered as the best candidates as precursors of photodimers. It seems that the ideal twist angle between successive base pairs makes the geometry of the B-DNA (and A-DNA) nonreactive. According to recent experimental evidence, the static Pyr-Pyr conformations and not conformational motions after photoexcitation determines the formation of (Pyr <> Pyr) photoproducts. Within the model proposed by Schreier et al. [50] , the relatively smaller degree of flexibility of A-DNA compared to B-DNA to achieve the right orientations that become prone to react has been related to the greater resistance of A-DNA to (Pyr <> Pyr) formation. As shown by these authors, dimerization occurs only for T residues that are already in a reactive arrangement at the instant of excitation because the rate of formation by favorably oriented T pairs is much faster that the rate of orientation change. A similar situation can therefore be assumed in C oligomers. We have taken the face-to-face arrangements, both for the singlet and triplet excimers, as the starting point for the study of the dimerization reaction occurring along the singlet and triplet manifold, respectively, in order to clarify at the molecular level the controversial and poorly understood mechanism of photodimer formation. Figure 5 displays a scheme, based on the CASPT2 results, on the photodimerization of two C molecules taking place along both the singlet and the triplet manifold. The photoreactions taking place belong to the class of the [2+2] photocycloadditions. Starting from the triplet, MEP computations from the face-to-face arrangement lowest-energy minima of T 1 lead directly in a barrierless fashion to a triplet step-wise intermediate, which is characterized by the formation of a single covalent intermonomer bond computed to be 1.669 Å, whereas the other intermonomer CC distance remains elongated, about 2.8 Å. Remarkably, at this optimal structure the ground state of the system becomes degenerate. In other words, the triplet state is coincident with a triplet-singlet crossing, (T 1 /S 0 ) X , a region of the hypersurface where decay to the ground state becomes particularly favored. Such singlet-triplet degeneracy can be understood on the basis of the biradical character of the triplet-singlet states, having the unpaired electrons located on the bound C atoms. The intermediate triplet state lies 2.70 eV above two ground-state C molecules, an energy difference that can be considered a lower bound for the triplet energy of C in DNA.
It can be envisaged that exogenous photosensitizers could populate the relaxed triplet state of the monomer, which will subsequently evolve toward the intermediate and then toward the formation of the mutated dimers. Thus, the required energy can be related to the threshold observed experimentally for a given compound to become a potential DNA photodamager via (C <> C) or (T <> T) formation. The computed result for the singlet-triplet crossing structure of C, 2.70 eV, is fully consistent with the triplet energy of T in DNA deduced experimentally, 2.80 eV [53] . The intermediate represents, thus, a channel for photodimer formation from the triplet state of π-stacked C (and presumably also for T) in DNA and provides the basic understanding of potential photogenotoxicity via triplet-triplet sensitization. The efficiency of the overall process along the triplet manifold will be affected by the magnitude of the spinorbit coupling (SOC), which is directly related to the efficiency of the intersystem crossing (ISC) process, and that would strongly rely on the actual environment of the biopolymer.
Regarding the mechanism of C photodimer formation along the singlet manifold, and in line with the similar excited-state [2+2] cycloadditon reactions of two ethene molecules [57] , a CI is the funnel of decay toward ground-state cyclobutane C dimer (CBC) from the singlet excimer. Computations from different unrelaxed excimer lead to such CI structure. The process in the triplet manifold is also expected to follow a steepest descent path as it occurs along the singlet hypersurface. Thus, the current view supports the hypothesis that the dimerization photoreaction of two C molecules occurs barrierless, both on the singlet and triplet hypersurfaces. It would depend on the experimental conditions whether the singlet or triplet mechanism becomes activated, fully operative, or even competitive with each other. The different mechanisms proposed in the literature involve singlet and triplet states of the monomers and vertical stacking to account for dimerization in solution and solid state, respectively. All those are here supported on the basis of CASPT2 results [6, 58, 59] . The efficiency of the photodimerization would markedly depend on the experimental conditions (solvent, aggregation conditions, pH, degree of hydratation), the sequence of nucleotides, the type (A-, B-C-like) of DNA conformation [50, 52] . Also important for the relative efficiency of the dimer formation is the presence of relaxed excimer structures at energies lower than the CI, as it occurs in C in contrast to T, a feature that lowers the formation yield of CBC. In fact, if dimer formation occurs with reasonable yields between monomeric solute molecules in solution, the dimer must have a triplet precursor, because singlet lifetimes simply are not long enough to permit excited bimolecular reactions to occur [60] . Nevertheless, as Eisinger and Shulman have emphasized [60] , the same reaction which proceeds via triplet state in solution may have a singlet-state precursor when the biochromophores are held together, as is the case in frozen solutions or in a biopolymer. Theory predicts that the photoinduced reactions both on the singlet and triplet hypersurfaces are essentially barrierless, and singlet and triplet excimers play an active role in the photophysics outcome and in the photochemical properties of C-containing biopolymers. The present results also offer a nice rationale to the known fact that Pyr dimers are formed under triplet photosensitization conditions [52] .
